Purpose An anatomical supra-condylar plate is designed and analysed by biomechanical testing. Methods The biomechanical properties of the supra-condylar and condylar plate were compared in six matched pairs of cadaveric femurs. A transverse osteotomy gap was created to simulate an OTA/AO type A3 supracondylar fracture. The left and right specimens were fitted with supra-condylar and condylar plate, respectively. Nondestructive axial compression, three-point bending and torsion tests were performed, and the peak load of the bone-implant construction was measured. The fracture site suitable for supra-condylar plate application and its correlation with femoral length were calculated. The gender influence on it was also discussed. Results The difference of stiffness between the supra-condylar and condyle groups were not significant (P>0.05) at 363.4 and 362.5 N/mm for compression, 229.5 and 237.6 N/mm in the sagittal plane and 195.5 and 188.4 N/mm in the coronal plane for three-point bending, and 7.5 and 7.9 Nm/deg for axial torsion, respectively. The peak load was 4438±136.15 N and 5215±174.33 N, respectively, for the two groups. The average extent of the fracture site suitable for the application of the supra-condylar plate was 70.86±4.61 mm. The femoral length and gender showed no influence on it.
Introduction
The purpose of this study was to introduce a novel anatomical distal femoral supra-condylar locking plate for the treatment of supracondylar femoral fractures, especially fractures proximal to the diaphysis. To investigate whether this newly invented device could achieve adequate stiffness of the fracture site, biomechanical comparisons were conducted between the supra-condylar and condylar plates, which both have anatomical profiles. The extent of the fracture site suitable for the application of this plate is discussed, and the initial clinical use of the device is described in this paper.
Materials and methods

Characteristics of the distal femoral supra-condylar plate
The novel distal femoral sub-condylar plate (Double Engine Medical Material Ltd., Xiamen, Fujian, P.R. China) is an anatomical plate made of titanium alloy (Ti6Al4V). There are two designs available: a dynamic compression design with non-threaded plate holes for non-locking screws and a locking design with combined holes to give surgeons the opportunity to combine the principles of internal fixation and dynamic compression. The shaft segment is made in sizes ranging from five to ten holes with an 18-mm interval between holes. The shaft's surface is shaped to minimise contact with bone, which reduces damage to the blood supply and allows easier plate removal. The head segment of the plate is configured and dimensioned to conform to the curved surface of the lateral distal femur. Because of its preshaped anatomical design, no adaptation of the implant to the bone geometry is necessary. The regular compression design contains three non-threaded plate holes on the head segment, whereas the locking design contains four threaded plate holes on the head to provide sufficient fixation to the distal part of the fracture. Unlike a condylar plate, the head segment is fixed only to the extra articular region of the lateral condyle. This fixation avoids the need for the incision of the joint capsule and reduces the risk of injury to the lateral collateral ligament, thus facilitating good knee function after surgery. The thicknesses of the regular compression plate and the locking plate are 6.0 mm and 5.6 mm, respectively, and the total width is 17.6 mm. The low-profile design also minimises the risk of damage to the surrounding soft tissues (Fig. 1 ).
Biomechanical test
Specimens
Six matched pairs of fresh human femoral cadaveric specimens were collected for the biomechanical study. X-rays were used to exclude specimens with pathological lesions or prior surgery. Bone density (range 0.70-0.95 g/cm 3 ) was measured by DEXA (dual energy X-ray absorptiometry; Ho logic, Waltham, MA), and no obvious osteoporosis was observed in the specimens. The specimens were prepared by removing the skin and remaining musculature. The proximal femur was removed above the level of the lesser trochanter. The specimens were stored in double plastic bags and frozen at −20°C. Before testing, each specimen was thawed overnight at room temperature. Specimens were kept wet in saline-soaked towels to avoid drying artifacts.
The extent of the region of the fracture site that was suitable for the application of the supra-condylar plate was measured in 15 femoral specimens. The length of each femur and the gender of the source cadaver were also recorded. The region of the fracture site in which at least the distal four screws of the supra-condylar plate could be fixed, but the distal four screws of a straight plate could not, was defined as the available range for the application of the supra-condylar plate. The lengths were measured from the distal articular surface (Fig. 2) . The correlation between the femoral length and the available range was measured, and the available range was also compared between genders.
Fracture mode and instrumentation
The proximal and distal ends of the femur were potted in poly methacrylate, but the lateral femoral condyle was intentionally not embedded to facilitate plate fixation. A transverse 1-cm osteotomy gap was created with a fret saw 9 cm proximal to the distal articular surface of the femur to simulate an OTA/AO type A3 [1] supracondylar fracture (Fig. 3) .
The left femoral specimens received distal femoral supra-condylar plates and served as the experimental group. The right specimens received condylar plate Fig. 1 The supra-condylar plate with a shortened head segment that can be fixed to the extra articular region of the lateral condyle (Double Engine Medical Material Ltd., Xiamen, Fujian, P.R. China) and served as the control group. All plates were fixed on the lateral side. Three 6.5-mm cancellous screws and one 4.5-mm standard bicortical screw were used distally, and four 4.5-mm standard bicortical screws were inserted in the proximal bone fragment. The plate was placed internally rotated to match the slope of the lateral femoral condyle or supracondylar region, ensuring central placement of the proximal diaphysis screws [2] . Each potted femur was placed in a material test instrument (Bose Electro Force 3510, Bose Corporation, Eden Prairie, Minnesota, USA) for nondestructive axial compression, 3-point bending and torsion tests followed by a load-to-failure test.
Test procedures
Nondestructive tests
The stiffness of the intact bone was measured first to compare the uniformity within and between the groups. In the axial compression test, a compression load was applied proximally through the head of the femur at a rate of 100 N/s from 0 N to 500 N. The torsion test was conducted at a rate of 4 Nm/s by rotation of the bottom clamp, resulting in external rotation of the distal femoral fragment to 10 N/m. Next, the specimen was placed horizontally to apply a vertical load to the centre of the femoral shaft to test the three-point bending stiffness. The load was applied at a rate of 100 N/s to a maximum of 300 N. Displacement from the initial position was recorded continuously with a motion sensor (Fig. 3) .
Load-to-failure test
After the nondestructive tests, all of the specimens were loaded at a rate of 10 N/s from a preload of 100 N until failure. Failure was defined as complete medial collapse or hardware fracture. The maximum compression load was recorded for each specimen.
Data analysis
Load-displacement curves were plotted with the Microsoft Excel software (Microsoft Inc., Seattle, WA), and the slope of each curve was calculated to find the stiffness of the boneimplant construction. The stiffness and peak load were expressed as the means ± SD. Comparisons of stiffness and maximum load were made between contralateral limbs; consequently, a paired t test was applied. A two-sample t test was used to evaluate the differences between genders, and the correlation between femoral length and the available range was calculated using linear regression analysis. Statistical significance was set at p<0.05. SPSS version 16.0 Fig. 2 The extent of the fracture site (shown in yellow) suitable for the application of the supra-condylar plate. At least four screws of the supra-condylar plate could be fixed distal to the fracture site, but the distal four screws of a straight plate could not be fixed proximal to the site. The length is measured from the articular surface software (SPSS Inc., Chicago, IL) was used for statistical analysis. Table 1 shows the compression, 3-point bending and torsion stiffness of the two bone-implant constructs. No significant difference was found between the supra-condylar and condyle fixation methods (p>0.05). In the compression test, the mean stiffness of the supra-condylar plate was 363.36±132.69 N/mm and the condylar plate stiffness was 362.53±142.01 N/mm. The mean 3-point bending stiffness of the supra-condylar plate was 229.51±63.19 N/mm and 195.52±70.45 N/mm in the sagittal and coronal planes, respectively, and the condylar plate stiffness was 237.56±44.63 N/mm and 188.37±69.30 N/mm. The mean torsional stiffness was 7.52±0.48 Nm/deg in the supra-condylar plate group and 7.94±0.68 Nm/deg in the condylar plate group.
Results
Nondestructive tests
Load-to-failure test
The average load to failure of the supra-condylar plate group was 4438 ± 136.15 N (range 4250-4600 N), and the condylar plate group average was 5215±174.33 N (range 5120-5500 N). Although the maximum load in the condylar plate group was higher than the supra-condylar plate group, the difference between the groups was not significant (P0 0.384) (Fig. 4) .
The mean extent of the fracture site that was suitable for supra-condylar plate fixation was 70.86±4.61 mm (range 60-80 mm) ( Table 2 ). There was no significant influence between genders on the available extent (P00.412). Linear regression analysis between femoral length and the available extent showed no correlation (r00.017, p00.953).
Case illustration
An 18-year-old male who had fallen from a height of one metre complained of severe pain and injury in his left leg. The physical examination indicated a fracture in the distal femur. X-rays showed that the fracture was a supracondylar fracture. The fracture line did not extend into the intra-articular region. A supra-condylar plate was used to treat his fracture. The use of the new device and the follow-up treatment were approved by the hospital ethics committee, and informed consent was obtained from the patient before the operation. During the surgery, exposure of the knee joint was not needed to fix the Fig. 3 Nondestructive biomechanical tests. The specimen was placed vertically for the axial compression and torsion tests (a) and placed horizontally for the three-point bending test (b). The compression load was applied at the middle of the femoral shaft. The number and distribution of screws inserted into individual fragments of supracondylar plate (c) and condylar plate (d). An OTA/AO type A3 fracture was created with a transverse 1-cm osteotomy gap 9 cm proximal to the distal articular surface (e) No significant differences were found between the left and right specimens and between the condyle and supra-condylar plate fixations (p>0.05) screws and plate. The surgical time in this case was 70 minutes, and the blood loss was 200 ml. Antibiotics were given for 24 hours after the surgery, and functional exercise was initiated day after surgery. X-rays were taken three days and three months after the surgery. At the three month follow-up, no failure of the device or displacement of fragments was observed in the X-rays.
No complications such as pain or restricted movement of the knee joint were observed (Fig. 5) .
Discussion
This study showed that the supra-condylar femoral plate had biomechanical stiffness in axial compression, 3-point bending, as well as axial rotation, and maximum afforded load was similar to the standard condylar plate. The supracondylarcondylar plate-shortened head segment of the supra-condylar plate had no influence on its utility for treating supracondylar fracture. A bone-implant construction that is stiff minimises motion at the fracture site and maintains reduction until union [2] [3] [4] [5] [6] [7] [8] . The dynamic compression design of the plate produces axial compression of the fracture zone and gives the bone primary strength to allow early functional mobilisation [9] . And the improved limited contact design does not significantly reduce the stability of the fracture site [10] . The sub-condylar plate applied the concept of selfcompression, and its bicortical screws increase the stiffness of the bone-implant construction [7, 11] . The lateral placement of the plate was in accordance with the tension band principle, which produces compression the lateral side and limits the motion at the fracture site. The multiple fixations in the head of the plate also increase the stability of the distal part of the fracture. The locking plate, however, has proven stiffer than dynamic compression plate [3, 12, 13] . We assumed that sub-condylar plate with a locking design may have better biomechanical stability.
The load-to-failure test also showed that the supracondylar plate can withstand at least 4000 N in axial compression. The fixation to the distal femur is shorter in the supra-condylar plate than in the condylar plate. This may explain the lower maximum load of the supra-condylar plate compared with the condylar plate. However, the difference was not significant, which illustrated the similar clinical performance to condylar plate.
The treatment of supracondylar fractures is still controversial [14] . The advantage of the distal sub-condylar plate is primarily due to the design of its head segment. The shortened head only reaches the extra-articular region of the lateral condyle, which allows extra-articular fixation without the need for incision of the knee joint capsule. The advantage of less interference of the ligaments, vessels and nerves surrounding the knee may better preserve knee function [15] and improve fracture healing. However, the advantage is limited only to extra-articular supracondylar fractures (i.e., type A fractures). Fixation of the plate is only possible distal to the extra-articular region of lateral condyle, and at least four screws should be placed distal to the fracture site to achieve stability of distal fracture segments [16] ; otherwise, fixation of intra-articular fracture segments may be insufficient. If carefully selected, the distal supracondylar plate may be a better choice than condylar plates, which are recommended for treating type C2-C3 fractures [17] . Meanwhile, if the fracture site is too close to the femur shaft, then using a straight plate is more suitable. Thus, fractures in which the distal fracture segments can be fixed M male, F female Fig. 4 The maximum loads of supra-condylar plates and condylar plates in the load-to-failure test of six matched pairs with at least four screws of a straight plate are not appropriate for the application of a supra-condylar plate. According to this principle, we found that the average extent of the fracture site that was suitable for supra-condylar plate fixation was 70.86 mm (range 60-80 mm). This range was also in accordance with the definition of supracondylar fracture [18] . A fracture that is proximal to the femoral shaft and not appropriate for the application of a supra-condylar plate can be defined as a femur shaft fracture. Minimally invasive techniques for plate osteonsynthesis have been widely used [19] [20] [21] because of the advantages they provide in minimising soft-tissue damage and preserving the blood supply of the fracture site. These techniques can also be applied with the supra-condylar plate. The preshaped anatomical design of the plate does not require the adaptation of the implant to the bone geometry. Because of the low-profile design of the plate, it is possible to insert it through a small incision.
Possible limitations to this experiment lie in the study design. Only axial compression, 3-point bending, axial rotation and load-to-failure tests were performed. Other tests, such as cyclic loading, could be used to investigate additional bio mechanical characteristics of the supra-condylar plate. Biomechanical tests of the locking design supra-condylar plate are needed. Recent research pays more attention to the flexible fixation of locking plate. Far cortical locking or near cortical slotted holes were applied to reduce the stiffness and create controlled interfragmentary motion for enhance fracture healing. The modification of sub-condylar plate according to this concept is necessary [22] [23] [24] [25] . Further prospective clinical research will be performed to assess the safety and effectiveness of the supra-condylar plate in treating selected supracondylar fractures.
Conclusion
The extra-articular placement and anatomical head segment design of the distal femoral supra-condylar plate can minimise interference with the knee structure while achieving a biomechanical stability similar to the existing condylar plate. With these benefits, the supra-condylar plate has the potential for efficacy in clinical application. As with other fixation methods, the supra-condylar plate cannot be applied to all types of supracondylar fractures, but it has advantages in treating extra-articular supracondylar fractures with an average fracture site extent of 70.86 mm suitable for the application of the supra-condylar plate. The sub-condylar plate was fixed without disturbing the knee joint. A 3-month follow-up showed no device failure or fragment displacements. c A callus was developing around the fracture site
